Abstract: In at least three Bacillus thuringiensis subspecies, multiple protoxin genes are confined to just a few of the many plasmids with two or more on one of > 100 mDa and a particular gene, crylA(b), on a 40-50 mDa plasmid. The latter is unstable but can be maintained in the population by cell mating. Cells which had lost this plasmid compensated by increasing transcription of the remaining protoxin genes resulting in the formation of inclusions which differed from those in the parental strains in their toxicity profiles for selected insects as well as their solubility. Instability of a particular protoxin-encoding plasmid appears to be a mechanism for rapidly shifting the protoxin gene complement and thus the toxicity profiles of these bacteria.
Introduction
Most Bacillus thuringiensis strains contain multiple protoxin genes located on some of the larger of the many endogenous plasmids [1, 2] . The presence of a protoxin gene on a particular plasmid may be fortuitous since these genes are often bordered within 2 kb by inverted repeats and/or transposon sequences [3] and there is evidence for the mobility of protoxin genes in B. thuringiensis subsp, israelensis [4] . In several cases, however, there appears to be a pattern with two or more protoxin genes often in close proximity on the same large (> 100 mDa) plasmid [1, [5] [6] [7] a particular one, cryIA(b), on a plasmid of 40-50 mDa [2] . This gene, which is widespread among a number of B. thuringiensis subspecies, [8] encodes a protoxin with unique toxicity and stability properties [9, 10] . In addition, a plasmid of 44 mDa containing a crylA(b) gene has been reported to be absent from some isolates of B. thuringiensis subsp, kurstaki HD1 [2] implying instability. This particular plasmid is conjugative or can be readily mobilized since it is transferred by cell mating to
Bacillus cereus or to certain other B. thuringiensis strains [11] . The possible significance of this distribution of protoxin genes as well as the instability of certain protoxin-encoding plasmids has been further analyzed in three subspecies with different complements of these genes. The implications of such instability on protoxin gene transcription and the properties of the inclusions were also examined. In these subspecies, there seems to be a dynamic state in terms of the presence or absence of the crylA(b) protoxin gene and consequently in the specificity profile and solubility of the inclusions.
Materials and Methods

Bacterial strains and growth
B. thuringiensis strains are listed in Table 1 .
Ceils were grown in G-Tris medium for RNA isolation [10] or for inclusion formation and to about mid-exponential phase in L broth for the preparation of DNA [12] .
Nucleic acid isolation and quantitation
Total cry/A protoxin gene content was determined by filtering various amounts of DNA [13] denatured in 0.3 N NaOH at 65°C for 1 h and neutralized with 2M NH4Ac, pH 7.0 [12] onto nitrocellulose in a slot blot apparatus (SchleicherSchuell). Several concentrations of denatured RNA [10] were also slot-blotted or spotted onto nitrocellulose. In order to ensure that comparisons of protoxin mRNA contents were done at the times of maximum steady state concentrations, samples were taken when 20-30% of the ceils contained phase white (dull) endospores, about 90 min later when > 90% contained such endospores and 90 min after this time when most cells contained phase-bright endospores. The half lives of each of these mRNA's were measured as previously described [10] and all were 11-12 min. The filters were hybridized to various probes: (a) 5' AACTGATAAATGTAAATTTGCAGCT-TGAAC from a highly conserved region of all cry genes [14] was used to quantitate total protoxin DNA and mRNA (i.e. crylA's and crylIA when present); (b) an oligonucleotide specific for crylA(a) mRNA was as previously reported [10] ; (c) a crylA(b) specific oligonucleotide, 5' AG-TAATCATTCTTTAT-Iq'GCACACC was from the 3' region of the gene [15] ; (d) for crylA(c) mRNA, hybridization was done with a unique 0.36 kb PstI fragment from the variable region (labeled by the random primer procedure [12] ); and (e) a crylA(c) oligonucleotide probe, 5' TT-GGACAATTGATTTGAAAACGATAT, was suitable for distinguishing crylA(b) from crylA(c) DNA in slot blots. These oligonucleotides were labeled to the same specific activity with [p3Z] ATP and polynucleotide kinase [12] . In all cases, hybridizing bands for at least three concentrations of the nucleic acids were cut out from the nitrocellulose for determining radioactivity in a scintillation counter. These values were used to establish that the probes were in excess for the concentrations of RNA or DNA hybridized. The overall plasmid composition of various strains was examined by direct lysis of cells in 0.6% agarose gel slots [1, 11] .
Toxicity assays
LDs0 values for Trichoplusia ni, Heliothis virescens, Manduca sexta and Spodoptera littoralis larvae were determined with suspensions of spores plus inclusions, or with purified inclusions as previously described [10] . The relative amounts of the protoxins were determined by quantitation of stained 10% SDS-PAGE gels of extracts of spores plus inclusions [10] .
Results
Instability of a protoxin-encoding plasmid
B. thuringiensis subsp, kurstaki HD1 contains three cry/A protoxin genes (Table 1) A strain derived from B. thuringiensis subsp. kurstaki HD1, designated HD1-7, had lost several cryptic plasmids ( [1] , Table 1 ) and in this strain, the 44 mDa plasmid was stable (Fig. 1) . It was also stable in another derivative (strain HD1-9) which contained the 44 mDa plasmid as the only protoxin-encoding plasmid [1] or when a clone of the crylA(b) gene was introduced by electroporation into strain 80-21 (strain 80-21/ pHT-IA(b) in Table 1 ). The 44 mDa plasmid can be transferred by cell mating [11] and it was found that 36% (two separate experiments) of the streptomycin R colonies from a mating of strain 
Analyses of protoxin mRNAs and inclusion proteins in plasmid-cured cariants
The maximum steady-state amounts of total protoxin mRNA (crylA and crylIA) in B. [22] and selection for chloramphenicol resistance. The presence of the crylA(b) gene was confirmed by hybridization (as in Fig. 1 ). d Overnight culture in L broth inoculated into L broth plus 70 ~g m1-1 streptomycin. After shaking for 7 h at 30°C, 0.1 ml portions were spread onto G-Tris plus streptomycin agar plates. Isolated colonies were re-streaked on the same medium and their plasmid profiles [11] were the same as the parental strain, 80-21.
thuringiensis subsp, kurstald isolates with one (strains HD73 and HD1-9), three (strain 80-21) or four (strains HD1 and HD1-7) active genes were the same in contrast to the relative protoxin gene contents which varied with the number of these genes (Table 2 ). In the plasmid-cured strains, therefore, transcription of the remaining cry genes had increased. For example, cpm values for 1 /xg of RNA hybridized to a crylA probe were 120 for strain 80-5 and 200 for strain 80-21.
Comparable cpm values hybridizing with the cryIA(c) specific probe were 240, 405 and 750 for 1 /xg of RNA from strains 80-5, 80-21 and HD73, respectively. There was a similar increase in the amount of cryII mRNA in strain 80-21 versus strain 80-5. Shifts in the patterns of protoxin synthesis were evident from the staining profiles of extracts from a mixture of spores and inclusions (Fig. 2) . Both B. thuringiensis subsp, kurstaki HD1 and B. thuringiensis subsp, tolworthi HD124 produce 130 kDa CryI and 70 kDa CryII protoxins (arrows in Fig. 2 ). In the latter case, the relative quantities of these bands shifted from 2:1 to 1:1 in the cured strain with no change in the overall amounts (Fig. 2, lanes 4 and 5) . In B. thuringiensis subsp. kurstaki HD1, the ratio shifted from 5:1 to 2:1 (Fig. 2, lanes 1 and 2) . Introduction of a cloned crylA(b) gene into strain 80:-21 resulted in a ratio of 3:1 (lane 3) similar to that in the parental strain (80-5).
These differences in transcription were also reflected in the toxicity profiles ( Table 2 Relative protoxin gene and mRNA contents of various thuringiensis subsp, kurstaki strains a Suspensions of spores plus inclusions were prepared from G-Tris agar plates and the spores were counted in a Petroff Hauser chamber (in triplicate). 100 ~1 of five dilutions of these suspensions were spread on the surfaces of cups containing synthetic diet [10] . After drying, larvae were added (10 per dilution) and mortality scored after one week. LDs0 values (as spores) were calculated and the averages of three experiments are reported (± 20%).
B.
Strain
sizes only the CrylA(c) protoxin (more effective on 11. virescens; [17] ) than to the parental strain 
Protoxin gene stability in other B. thuringiensis serotypes
As summarized in Table 4 , a 40-50 mDa plasmid containing a crylA(b) gene was unstable in both subspecies but much less so than the 44mDa plasmid in B. thuringiensis subsp, kurstaki HD1.
In both cases, the absence of the CryIA(b) protoxin resulted in a change in the solubility of the inclusion proteins as well as altered toxicity of the inclusions for selected larvae. All suspensions were adjusted to A600 of 0.4, and 0.5 ml was pelleted for extraction [10, 19] . Arrows on the left indicate 130-140 kDa CryI protoxins (top) and 70 kDa CrylI protoxins (bottom) for lanes 1-3. Corresponding arrows on the right refer to lanes 4 and 5. These bands were quantitated in an LKB densitometer. Standards were /3-galactosidase and bovine serum albumin.
Discussion
Most B. thuringiensis isolates produce more than one protoxin but it is not clear why there are certain combinations nor why the amounts of each differ. Because of the unique specificity of each of these protoxins, the multiplicity would extend the toxicity range but the effectiveness of an inclusion is more than the sum of the toxicities of each of the protoxin components. Some toxins may be synergistic [18] and the presence or absence of a particular one, CryIA(b), can affect the solubility of other inclusion proteins ( [9] , Table Table 4 Summary of the frequencies of loss of protoxin-encoding plasmids and changes in toxicity profiles Fig. 1 and/or Southern transfers of the plasmids [19] . b _ : No change in solubility (as defined in [19] ) in 0.03 M NazCO3, 1% -mercaptoethanol at pH 9.2 and 9.6. of inclusions from the cured strain as compared to those from the parent. + : At least 50% less soluble at pH 9.2.
4). There are other examples where solubility is a factor in toxicity [20] . Superimposed on the protoxin gene complexity is the instability of certain protoxin-encoding plasmids. In the three subspecies studied here, all contained a crylA(b) gene on an unstable plasmid of 40-50 mDa. As previously noted, the instability may be due to plasmid incompatibility. Perhaps the different extents of instability (Table 4) are due to the particular plasmid arrays present in each of these subspecies. Plasmid transfer by cell to cell contact [11] could account for the persistence of unstable protoxin genes in the population as a whole.
It is intriguing that a crylA (b) gene is found on these unstable 40-50 mDa plasmids since the CryIA(b) protoxin is unique not only in its specificity profile but in its stability [9] . A 78 bp deletion which encodes 26 amino acids (including four cys residues) present in the carboxyl halves of all other CryI protoxins [14, 15] accounts for the relative instability (M. Geiser, personal communication). CryI protoxins are disulfide crosslinked in inclusions [21] so the absence in the CrylA(b) protoxin of 4 of 16 cys residues probably affects its interactions with other protoxins in the inclusion. A dual function for this protoxin may account for its preferred location on an unstable plasmid. The prevalence of the crylA(b) gene among B. thuringiensis subspecies [8] suggests that the unique properties of this protoxin and its location on an unstable plasmid may be widely exploited to provide flexibility to the toxicity profiles of these isolates.
